Sizes at birth of parents and their children are known to be correlated, reflecting in part the influence of fetal and maternal genes. Sociodemographic factors, regarded as aspects of the shared environment across generations, would also be expected to contribute, but evidence is limited. In the present study, the authors aimed to quantify the role of the shared environment in explaining intergenerational correlations in birth weight and length by using data across 3 consecutive generations from the Uppsala Birth Cohort Multigenerational Study in Uppsala, Sweden. That study included birth and sociodemographic data on 7,657 singletons born in Uppsala in 1915-1929 (generation 1) and their grandchildren (generation 3). Standard regression and biometric models were used to study the correlations in size at birth of generation 1-generation 3 pairs. The data showed stronger correlations in maternal pairs than in paternal pairs for birth weight (0.125 vs. 0.096, P ¼ 0.02) but not for birth length (0.097 vs. 0.093, P ¼ 0.77). These correlations were not reduced by adjustment for sociodemographic factors in regression models. In contrast, significant shared-environment contributions to the intergenerational correlations were identified in biometric models, averaging 14% for both birth measures. These models assumed a common latent factor for the sociodemographic variables. The present results show that the shared environment moderately but significantly contributes to intergenerational correlations.
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Intergenerational studies of different populations have shown strong correlations in size at birth between parents and their offspring, with influences of maternal characteristics being systematically stronger than those of paternal characteristics. This evidence has come from 2 distinct but overlapping bodies of literature: epidemiologic studies of the association between birth weight in one generation and the next (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) and biometric models aimed at partitioning the variance in size at birth between genetic and environmental influences (19) (20) (21) (22) .
Although the genetic dimension of father-offspring correlations can only be explained via fetal genes (23, 24) , the equivalent maternal dimension can be additionally attributed to inheritance of maternal genes that influence growth through their impact on the in utero environment of the fetus. In addition, continuities between generations in aspects of the external environment, such as smoking or maternal size, that affect fetal growth will play a role in explaining intergenerational correlations (5, 8, 9, (25) (26) (27) . Given the almost universally observed strong association between maternal socioeconomic circumstances and fetal growth (12, 25, (28) (29) (30) (31) (32) (33) (34) , it is plausible that at least some of these external environmental influences are driven by continuities in socioeconomic factors across generations.
Certainly, over the course of the 20th century, there has been abundant evidence of intergenerational transmission of deprivation, as measured by studies of social mobility (35) (36) (37) . However, direct evidence concerning the contribution of socioeconomic continuities to size-at-birth correlations across generations has been limited (4, 9, 13, 16, 38, 39) .
Using data from a unique and rich prospective study of men and women born in Uppsala, Sweden, from 1915 to 1929 and their descendants, we have utilized conventional epidemiologic and biometric approaches to assess 1) whether correlations in size at birth across 3 generations are consistent with those found across 2 generations and 2) the extent to which these correlations could be explained by sociodemographic continuities across generations.
MATERIALS AND METHODS

Population and data sources
The Uppsala Birth Cohort Study Multigenerational Study. All men and women born in the Uppsala Academic Hospital from 1915 to 1929 were recruited into the Uppsala Birth Cohort Study, which was created by collating data from archived hospital obstetric records and linking them to vital statistics and other registries, including national census data and information on educational achievement (40) . The Uppsala Birth Cohort Study has recently been expanded by tracing the members' offspring in the Swedish Multigenerational Registry (41, 42) . Of the 14,192 children born in 1915-1929 (first generation (G1)), 12,168 were still alive and residing in Sweden in 1947, the year in which Swedish citizens were assigned personal identification numbers. Of these, 9,752 are known to have become parents of 1 or more biological children (second generation (G2)). Before 2003, a total of 8,879 became grandparents of 1 or more biological grandchildren (third generation (G3)) (42) .
Information on size at birth (weight and length) and length of gestation of the G1 participants, together with information about their parents (known as the G0 generation), was obtained from archived hospital obstetric records. This included mother's parity, age, and marital status and occupation of the parents. Family social class was coded using the Swedish socioeconomic classification scheme (based on father's occupation if recorded or, if not available, mother's occupation) (43) . Adult sociodemographic characteristics of the G1 participants in their adult life (childhood social conditions of G2 participants) were obtained from the 1960 census and included educational level and social class (based on the occupation of the head of the household).
Size at birth and length of gestation of the G3 participants (the grandchildren of the G1 participants) were obtained from the Medical Birth Registry (44) and were available for births after 1972. Information on parity and age of the G2 mothers was also available from this source, as was maternal history of smoking during pregnancy, although that information was available only for births from 1982 onward. Information on parental educational level, social class, and gross income was obtained from censuses conducted in 1970 and 1990 and the Longitudinal Database for Education, Income, and Occupation for the period of 1985-2001 (45) .
Insufficient data were available on size at birth of the G2 participants because almost all of them were born before 1973.
Main variables. Standardized z scores for weight and length at birth were generated using sex-and week-ofgestation-specific means and standard deviations (for completeness, results based on absolute values are reported in the Appendix). Grandparents were classified into 4 categories (maternal grandmother, maternal grandfather, paternal grandmother, or paternal grandfather) or 2 collapsed categories (maternal grandparents or paternal grandparents).
A priori confounders. To account for secular changes in size at birth and differences due to maternal parity, analyses were controlled for G1 and G3 year of birth (in years) and for G0 and G2 parity (nulliparous vs. parous).
Mediators/modifiers. To study whether shared family socioeconomic, demographic, and behavioral factors acted as mediators or modifiers of the intergenerational size-at-birth correlations, we used several indicators. These indicators were G0 occupational class (high-to-medium nonmanual, entrepreneurs and farmers, lower nonmanual, skilled manual, or unskilled manual); maternal G0 marital status (married, single, divorced, or widowed) and age at delivery (years); G1 highest educational level (elementary school or higher than elementary school) and occupation (nonmanual, manual, self-employed or farmer, or other); G2 highest educational level (elementary school or higher than elementary school), maternal age (years), and smoking at enrolment for antenatal care (yes or no); and G2 maternal and paternal gross annual income (<100,000 Sk/year or !100,000 Sk/year for mothers and <200,000 Sk/year or !200,000 Sk/year for fathers).
Restrictions. Analyses were restricted to sets of G1 grandparents and G3 grandchildren in which all participants, including the G2 parents, were singletons (8,550 G1 grandparents and 33,693 G3 grandchildren). There were no sizeat-birth data for a minority of the grandparents (246 G1 participants with 648 grandchildren), and an additional 7,904 G3 grandchildren had missing size-at-birth data because they were born before 1973. Their joint exclusion led to 7,657 G1 grandparents with 25,141 G3 grandchildren contributing to the analyses. The study was approved by the regional ethics committee in Stockholm.
Statistical methods
The correlation between size at birth of grandparents and their biological grandchildren was assessed using 2 related approaches: multivariable linear regression and biometric models. The latter were used to explicitly account for the contribution of the fetal and maternal genes to these correlations, using established approaches (20) (21) (22) . There was an element of clustering in the data because most G1 grandparents had more than 1 biological grandchild in the study (62% had 2-4 grandchildren and 14% had !5). Details of the 2 approaches and the methods used to deal with clustering are given below.
Linear regression models. Random-intercept linear regression models were fitted to estimate the effect of G1 size at birth on G3 size at birth separately for birth weight and birth length, controlling for the a priori confounders. The intercept was allowed to be the same for G3 members sharing the same grandparent and to be normally distributed across G1 clusters (46) . To compare these results with those obtained from the biometric model (see below), we transformed the resulting regression coefficients for the effect of G1 size at birth on G3 size at birth into correlation coefficients. This was achieved by rescaling the birth-size variables to have a variance of 1 before fitting the linear regression models. (Although the variables were z scores, their variances were not exactly equal to 1.) Correlations were allowed to vary by grandparental type (as either a 4-category variable or a 2-category variable, as described above). Estimation was carried out by restricted maximum likelihood, and the significance of fixed effects was assessed via Wald tests (46) .
To study the contribution of sociodemographic and behavioral factors to the G1-G3 correlations, the model was expanded to separately include each of the available potentially mediating variables, with fully and partially (i.e., including only the a priori confounders) adjusted estimates obtained on the same subset of G1-G3 pairs because of varying numbers with complete data. Effect modification was examined by including interaction terms assessed by Wald tests (46) .
Biometric models. To formally separate the genetic components from the external environmental components of the intergenerational correlations of size at birth, a biometric modelling approach was adopted, similar to that used in analyses of twins and family studies (19) (20) (21) (22) 47) . We allowed for 4 main contributions to the total variance of birth size in each generation: a fetal genetic effect (F), a maternal genetic effect (M), and common (C) and unshared (E) environmental effects ( Figure 1 ). F 1 and F 3 represent the unobserved (latent) fetal genetic factors that influence size at birth in G1 and G3 participants, respectively. Assuming random mating, no gene-environment interaction, and a parent-child transmission probability of 0.5, F 1 and F 3 have a fixed correlation of 0.25. M 1 and M 3 represent the latent maternal genetic factors that influence size at birth via the in utero environment and that are transmitted only along the maternal lineage. Therefore, they have a correlation of 0.25 in pairs in which the G1 member is a maternal grandparent; otherwise, the correlation is 0. The latent variable C represents the environment shared between the generations that influenced their size at birth. The G0-G2 sociodemographic and behavioral factors defined earlier as potential mediators were used in this model to identify C by assuming that they were manifestations of this latent dimension. Finally, E 1 and E 3 represented the unexplained (also latent) residual variations in size at birth that were not shared across generations and therefore had 0 correlation. All latent variables were assumed to be normally distributed, with a mean of 0 and a variance of 1. Their effects on the generation-specific birth size were captured by the path coefficients f, m, c, and e (see Appendix).
The biometric model implies that the variance of each birth-size variable (each standardized to have a variance of 1 as before) is the same for each generation and is equal to
and that their intergenerational Abbreviations: G1, first generation; G3, third generation. a The variables considered were second generation maternal smoking, educational level, maternal age, and parental income; G1 socioeconomic position and educational level; and G0 socioeconomic position and maternal age.
b The actual number of G1 grandparents contributing to this total was 7,657 because some grandparents were entered into both the maternal and paternal totals.
c The actual number of G3 grandchildren contributing to these totals was 25,141 because some grandchildren had more than 1 grandparent in the Uppsala Birth Cohort Study and therefore were part of more than one G1-G3 pair. Namely, 28,152 pairs arose from 22,409 grandchildren with one grandparent, 2,480 with 2 grandparents, 225 with 3 grandparents, and 27 with 4 grandparents originally in the Uppsala Birth Cohort Study.
d The actual number of G1 grandparents contributing to this total was 5,260.
e The actual number of G3 grandchildren contributing to this total was 12,977. 
Additional analyses
If we assume missingness at random (48) , estimation of the biometric models from both complete and incomplete records is possible via numerical integration, with standard errors obtained from the observed information matrix (49) . To explain the apparently contradictory results of the regression and biometric models, we used confirmatory factor analysis (46) to estimate a common latent dimension for the presumed mediators equivalent to C in the biometric model. This was then included in the regression models in place of the individual mediators.
Analyses were carried out using Stata, version 11 (50) , and Mplus (49) . Reported P values are 2-sided.
RESULTS
Data description
A total of 7,657 G1 singleton grandparents with 25,141 G3 singleton grandchildren, for all of whom we had data on birth weight and gestational age, were included in the analyses. They jointly constituted 28,152 G1-G3 pairs. Table 1 shows the distribution of these pairs by grandparental type. Those involving grandmothers, in particular maternal grandmothers, are slightly underrepresented because the earlier ages at which females reproduce meant that more of their grandchildren were born before 1973.
Information on sociodemographic and behavioral variables was complete for 14,396 of the 28,152 G1-G3 pairs. The majority of incomplete data were related to G2 maternal smoking (45.9% missing), mostly for grandchildren born before 1982 (i.e., before the information was routinely collected).
The G1 and G3 measures of size at birth were approximately normally distributed, with a tendency for larger (unstandardized) means in grandfathers ( Table 2 ). The distribution by sociodemographic and behavioral variables was similar across grandparental type, with the exception of G1 educational level, which reflected gender differences in access to education in the early 20th century (approximately 5% of all grandmothers had a higher educational level vs. approximately 17% of grandfathers).
Linear regression models
The correlations between G1 and G3 size at birth varied according to which birth dimension was considered, with larger coefficients for birth weight than for birth length, which possibly reflected different degrees of measurement error. They also varied by grandparental type, with maternal Table 2 . (7) 1924 (7) 1924 (7) 1923 (7) 1923 ( (11) 1984 (11) 1983 (11) 1986 (11) 1984 (12) Abbreviations: IQR, interquartile range; SD, standard deviation. Table 3 ). There was no evidence that the 4 grandparental categories were necessary to study these correlations, as shown by the tests of equality of the effects of grandmothers and grandfathers of the same lineage. This was further demonstrated by the fact that the simpler model that was used for the binary classification of maternal and paternal grandparents fit the data equally well (Table 3) . However, strong evidence that the correlations for birth weight differed by maternal versus paternal lineage was observed (P ¼ 0.02), although the same was not true for birth length (P ¼ 0.77; Table 3 ).
Correlation coefficients for standardized birth weight adjusted by sociodemographic and behavioral factors are shown in Table 4 . Results are presented separately for the subset of records with complete data on potential mediators including/excluding G2 maternal smoking and G0 marital status. Tests for effect modification by each potential mediator are also reported. The main finding was that none of these variables, either separately or jointly, showed a mediating or modifying effect on the intergenerational correlations (Table 4) . Excluding G0 marital status because of its collinearity with G1 educational level and G2 maternal smoking because of the large number of missing values did not change these findings (Table 4) . Similar results were found for birth length (data not shown).
Biometric models
The model described in Figure 1 was fitted to estimate the components of the intergenerational correlations in standardized birth weight and length. For each variable, the intergenerational shared environment was modeled via a latent variable C manifested by the available sociodemographic and behavioral variables. These were G1 and G2 educational level, G0 and G1 occupation, G0 and G2 maternal age, G2 maternal smoking during pregnancy, and G2 paternal and maternal income in adulthood. G0 maternal marital status was not included because it was collinear with G1 educational level among paternal grandparents. The estimated coefficients for this part of the model indicated that the latent variable increased with a more-advantaged status (Appendix Table 1) , with the path coefficient C therefore representing the contribution to birth size of an advantaged external environment. Table 5 reports the estimated components of variances and correlations. The fetal genetic contributions to standardized birth weight and length were consistently larger than the maternal ones, and both were larger than the environmental 
a Estimates were obtained by fitting random-intercept linear regression models for third generation standardized size at birth on first generation standardized size at birth, adjusted for parity of parents and year of birth of the first and third generations. Models for standardized birth weight were fitted on 28,151 first generation-third generation pairs (7,656 grandparents), and models for standardized birth length were fitted on 27,840 pairs (7,624 grandparents).
one. Despite this, the latter correlation was significant, albeit small (birth weight, 1.3, 95% confidence interval (CI): 0.8, 1.9; birth length, 1.1, 95% CI: 0.1, 1.6; Table 5 ).
Because the maternal genetic components estimated for both size-at-birth variables were not significant, we refitted the models with m constrained to be zero, therefore assuming that the genetic component was identical for all grandparental types. This led to equivalent but more precise estimates of the shared environment contributions. As we found no additional evidence that the environmental component varied by grandparental type, we calculated the percentage contributions of shared environment to the intergenerational correlations based on these estimates. These were 13.5% (95% CI: 7.3, 19.6) and 14.5% (95% CI: 7.5, 21.5), respectively. Similar results were found for absolute birth size (Appendix Table 2 ).
Robustness of the results
Removing the G0 indicators, which could be thought of as precursors rather than mediators of the shared environment, from the specification of the latent variable C did Abbreviations: G0, parents of first generation participants; G1, first generation; G2, second generation. a P value for the Wald test for interaction between G1 standardized birth weight and the mediator. b The variables considered were G2 educational level (elementary school or higher than elementary school), maternal age at delivery (years), and parental income (<100,000 Sk or !100,000 Sk/year for mothers and <200,000 Sk or !200,000 Sk/year for fathers); G1 occupation (nonmanual, manual, self-employed or farmer, or other) and educational level (elementary school or higher than elementary school); and G0 occupation (nonmanual, manual, self-employed or farmer, or other) and maternal age (years).
c Estimates of the correlation coefficients were obtained from fitting random-intercept linear regression models for third-generation standardized size at birth on G1 standardized size at birth, adjusted for G0 and G2 parity and for first and third generation year of birth.
d The variables considered are those listed in footnote b plus G2 maternal smoking (yes or no). e Latent variable estimated by confirmatory factor analysis using all potential mediators, excluding G0 marital status.
not affect the estimates. Removing G2 maternal smoking, and hence increasing the number of records with complete data, led instead to an underestimation of the environmental components. Assuming data were missing at random, we refitted the final biometric model and obtained narrower confidence intervals and slightly larger estimated contributions of the shared environment (Table 5 ). The missing-at-random assumption was deemed to be reasonable because the largest source of missingness was incomplete G2 maternal smoking information, and this depended on year of birth of the G3 grandchildren (which was fully observed).
To examine whether results were sensitive to the underlying assumption that G0 and G2 maternal parity were just confounders, we included interaction terms in the regression model but found no evidence of effect modification (Wald tests for interaction: P ¼ 0.15 for weight and P ¼ 0.79 for length). To investigate how the results were affected by an overrepresentation of more-fertile families, we repeated the analyses after restricting the data to 1 randomly selected grandchild per grandparent. Again, this did not affect the results.
Finally, to examine whether misclassification of paternity (24) or incorrectly assuming random mating could be influential, we varied the strengths of the assumed fetal genetic correlation of 0.25 separately by grandparental group and overall. None of these changes affected the estimates of the shared-environment contribution.
Consistency of the results
To understand the inconsistencies between the results obtained from our 2 approaches, we conducted the linear regression analyses again, replacing the sociodemographic and behavioral indicators with the predicted shared environment scores obtained by fitting a latent variable model equivalent to that used to define C in the biometric model. We found that adjustment for this latent score actually showed some degree of mediation (Table 3) . Thus, it appears that the available individual indicators provided imprecise proxy measures of the pertinent aspects of the external environment, whereas the specification of a latent shared-environment variable efficiently extracted the key information, albeit by assuming a single common unmeasured dimension.
DISCUSSION
We examined birth weight and birth length data of grandparents and their grandchildren and reported correlation coefficients and fetal and maternal genetic contributions to b The numbers of pairs and of grandparents contributing to these analyses were 28,151 and 10,135, respectively, for both birth weight and birth length.
c Results to the right of the braces refer to respectively genetic and environmental contributions estimated assuming that they do not differ between maternal or paternal lineage. Table 2 and reference 21). Using the results of the biometric models, we found that the shared environment had a small but significant role in the intergenerational correlations and that the estimate of its contribution was robust to alternative specifications of the genetic and shared-environment contributions. With this approach, we found that at least one-seventh of the observed correlation in both birth weight and birth length was attributable to potentially modifiable factors. However, in line with previous publications, when we used a traditional regression framework to study the same sociodemographic and behavioral variables, we found no evidence that they mediated the association of size at birth across generations. We ascribed these differences to the impact of collinearity and measurement/misclassification error of the potential mediators on the regression analyses. The biometric model also highlighted greater fetal and maternal genetic contributions to birth weight than to birth length, possibly because the latter is more affected by measurement error. The importance of the maternal genetic influence on birth weight was only suggested (it was close to significance when incomplete records were included assuming missingness at random) but agreed with the evidence from linear regression on the greater G1-G3 correlations in maternal grandparents pairs than in paternal grandparents pairs. This could be an artifact of incorrect attribution of paternity but could also be a reflection of the mother's capacity to provide an in utero environment that did not constrain growth (21) .
Relative to the genetic contributions to intergenerational correlations, those from the shared environment might appear to be relatively weak. However, given the greater social mobility seen in Sweden compared with other Western countries, especially in the first half of the 20th century (35, 36) , we would expect equivalent analyses from less equal societies to lead to stronger contributions.
These results should also be viewed within the context of the study. The Uppsala Birth Cohort Study is a complex prospective study from which one grandparent's size at birth per grandchild could be identified. No birth data on the G2 parents were available. Thus, we could not study the full pedigree for every family; we could only study separate G1-G3 pairs. The pairs we included in the analyses were clustered, as some G3 participants shared grandparents, but we allowed for this in the estimation. Moreover, we did not have access to data on the G3 grandchildren born before 1973, and therefore our analyses systematically excluded grandchildren of families who reproduced at relatively younger ages, which mostly consisted of families of maternal grandmothers. However, we found no systematic differences in the grandparental characteristics at birth of included or excluded grandchildren, although there were differences in their levels of education, with more educated grandparents (20% vs. 10%) and more educated parents (48% vs. 30%) being represented in the included set. This might have led to weaker intergenerational social continuities and therefore smaller estimates of the shared environment contribution.
We initially excluded grandchildren with missing sociodemographic and behavioral variables and in a second stage attempted to correct for this by assuming that missingness was driven by known variables, in particular by G3 year of birth. This led to slightly increased estimates of the shared environment pathway that reached about 20% of the total. Interestingly, excluding G2 maternal smoking from the model to increase the number of records with complete information led to a reduction of these estimates, highlighting the importance of this factor in identifying the shared environment pathway, and in line with the recognized influence of maternal smoking on birth size (32, 51, 52) .
In summary, our results showed that there was weak evidence that correlations between the size at birth of grandchildren and their maternal grandparents were stronger than those with their paternal grandparents. Most importantly, they showed that sociodemographic and behavioral factors moderately but significantly contributed to intergenerational correlations.
The biometric model used in this article divides the total variance of the size-at-birth variable of generation j, j ¼ 1 or 3, into 4 components: F j , M j , C j , and E j . Let Y j represent the standardized birth-size variable (with mean of 0 and a variance of 1) and
where C j ¼ C for every j, and F j , M j , C, and E j are mutually independent standardized normally distributed latent variables. Under these assumptions, the variance of Y j , x, is
because all latent variables have a variance equal to 1. Assuming a probability of parent-child transmission of 0.50, the probability of grandparent-grandchild transmission of fetal genes is 0.25, leading to F 1 and F 3 having covariance (and consequently correlation) equal to 0.25. By the same argument, M 1 and M 3 have a correlation equal to 0.25 for maternal grandparent pairs and 0 otherwise. In contrast, E 1 and E 3 are independent.
The covariance between standardized size at birth of generations 1 and 3 is
This is equal to
The latent variable C is assumed to be manifested by a set of sociodemographic and behavioral variables X k , k ¼ 1, . . ., K. The model is therefore estimated assuming a joint multivariate distribution for Y j , j ¼ 1, 3 and the shared environment variables X k , k ¼ 1, . . ., K. The continuous size-at-birth variables, Y j , j ¼ 1, 3, and the continuous manifest variables, G0 and G2 maternal age, are assumed to be normally distributed, whereas the remaining binary/ categorical manifest variables are assumed to follow a probit distribution. Robust weighted least-squares estimation (53) was used to account for the clustering present among pairs that shared the same grandparent. The contributions to variances and correlations were derived from these estimates with standard errors obtained via the delta method (54). Abbreviations: CI, confidence interval; m, path coefficient for the maternal genetic contribution to birth size variance. a Estimates were obtained conditionally on G0 and G2 parity and G1 and G3 year of birth. b The numbers of pairs and of grandparents contributing to these analyses were 14,396 and 5,260 for birth weight, respectively, and 14,198 and 5,227 for birth length, respectively.
c The numbers of pairs and of grandparents contributing to these analyses were 28,151 and 10,135, respectively, for both birth weight and birth length.
d Results to the right of the braces refer to genetic and environmental contributions estimated assuming that they do not differ for maternal or paternal lineage. 
